INTRODUCTION
The genome of herpes simplex virus (HSV) is a linear double stranded DNA of about 155,000 base pairs (1) and is thought to possess about 80 genes. The genome contains several genes specifying proteins involved in its replication, as well as sequences which act as origins of DNA synthesis, and others which are signals or sites in cutting and packaging of nascent DNA (2, 3) . The HSV proteins which participate in DNA replication include enzymes involved in the metabolism of DNA precursors (for instance, thymidine kinase and ribonucleotide reductase (4, 5) ), and also species more directly concerned with DNA synthesis. The latter include a DNA polymerase, an exonuclease and a polypeptide designated operationally as the "major DNA binding protein" (6, 7, 8) . As part of a large scale sequence analysis of HSV-1 DNA, we recently reported the sequences of the genes for DNA polymerase and the major DNA © I RL Press Limited, Oxford, England. 3435 binding protein (9) . In this paper, we describe the DNA sequence of the exonuclease gene and of the neighbouring genes.
The exonuclease was first detected as an increased alkaline nuclease activity present in HSV infected cells (10) and was subsequently purified and shown to be a single polypeptide chain (7, 11, 12, 13) , possessing both 5' and 3' exonuclease activity and also an endonuclease activity (11, 14, 15) . Analysis of temperature sensitive mutants of the HSV-2 exonuclease gene has shown that the enzyme is necessary for efficient replication of virus DNA, although its precise role has not been defined (16, 17, 18) . The exonuclease gene was located in the long unique region (UL: see Figure 1 ) of HSV-1 DNA, near 0.17 map units, by hybrid arrest of translation of active enzyme (19) . Analysis of the transcript organization of this region of the genome has shown that exonuclease mRNA is a member of a 3' coterminal set of mRNAS (20) . This paper reports a 7800 bp sequence containing the whole of the 3' coterminal family, for HSV-1 strain 17, together with all or part of the two flanking genes.
MATERIALS AND METHODS
(1) Plasmids.
Cloned restriction nuclease fragments of HSV-1 strain 17 DNA were used for sequence analysis, as follows: EcoRI i and EcoRI d in the EcoRI site of pACYC184, from V.G. Preston; and KpnI f and DNA sequences were determined by M13/dideoxy methods, as described (9, 21, 22) . Computing was performed with a DEC PDP 11/44 under RSXllM, with programs as previously described (9, 22) .
(3) Description of the HSV-l genome.
HSV genetic and mRNA mapping data commonly specify genome locations in terms of fractional map units, running from 0.000 to 1.000. There exist significant discrepancies between the numbering for HSV-1 strain 17 used by us and, for instance, strain KOS (20, 23) (20, 23, 24) . Figure 1 indicates the location of this region in UL, and presents a transcript map based on their studies and on our sequence data. It presently appears that all or part of at least eight mRNA species originate from the region. For this paper we have designated these a to h (Figure 1 ). RNAs b, c, d, e and f form a leftward transcribed 3' coterminal family. The two longest of these, e and f, were described as late transcripts of 3.9 and 4.5 kb (20) . d is an early 2.3 kb transcript expressing the exonuclease (20) . c is a late 1.9 kb species (20) . b is a species suggested by our sequence data and is still hypothetical. These RNAs share a common polyadenylation site. To the left of this 3' coterminal group, RNA a is a 2 kb late, rightward transcribed species (24) . To 3437 the right of the group, RNA j is a late, rightward 2.7 kb transcript, with a large intron (23) . Only the first exon is in the region treated here. Within the intron region are 3' coterminal, leftward transcripts (23); the downstream termini of these are shown generically as h in Figure 1 .
Organization in 3' coterminal families is a common feature of HSV gene arrangement (22, 24) . It is thought that each RNA is translated to give the polypeptide encoded adjacent to the 5' terminus, while distal reading frames remain unused. Figure 1 also shows for mRNA species a to j the locations of the proposed, corresponding protein coding regions, as deduced from our DNA sequence data. These open reading frames were evaluated using published mRNA mapping data (20, 23, 24) , by analysis of codon usage compared with known HSV genes (25) (26, 27) .
We have determined the DNA sequence of HSV-1 strain 17 for the region shown in Figure 1 . This sequence is presented in Figure 2 (28) . The 51K amino acid sequence possesses low but definite homology with that of the EBV reading frame BBRF3 (27) 
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ATCGGCTACACGGCGCACATCCGCAAGGCGACCGAGCCGGTGTTTGAGGAGATCGACGCCTGCCTGCGGGGCTGGTTCGGTTCGGCCCGAGTGGACCACGTTAAAGGGGAAACCATCTCC 77320 We consider the exonuclease coding region runs from ATG at 4221 to TGA at 2343. This gives a protein of 626 amino acids, Mr 67503, which corresponds moderately with a recent estimate of the Mr from gel electrophoresis, of 85000 (13) . The origin and function of mRNA c, whose 5' terminus was mapped to position 3971 (20) , are less clear. There is no obvious TATA box upstream of RNA c's 5' terminus. Downstream of the 5' terminus, the first two potential initiator ATG codons are at 3843 and, 174 nucleotides later, at 3669; both of these are in the exonuclease assigned reading frame. It is therefore likely that translation of RNA c would give rise to an N-terminally truncated exonuclease protein. Starting from the first ATG, at 3843, the translation product would contain 500 amino acids, with Mr 54395.
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We have found that the exonuclease amino acid sequence is clearly related to EBV reading frame BGLF5 (27) (see section 8, below). Interestingly, however, the EBV sequence lacks residues corresponding to approximately 110 amino acids at the N terminus of HSV-1 exonuclease: that is, the EBV sequence is roughly equivalent in extent to the 500 amino acid polypeptide proposed to be translated from RNA c, reinforcing the notion that this could be a functional protein. (5) For four predicted HSV-1 amino acid sequences, alignments are shown with corresponding EBV sequences (27) , for the most homologous regions only, as obtained with an alignment optimising program (35) . In each case the HSV-1 sequence is the upper, and aligned identical residues are marked by asterisks. (23) . The spliced mRNA is that denoted as the rightward transcript a in Figure 1 . The sequence of Figure 2 contains the upstream exon only. Partial sequence data were presented for this gene in HSV-1 strain KOS by Costa et al. (23) . From their results, the 5' terminus of the mRNA lies at 6136 and the first exon ends with residue 7384 (Figure 2 ). Translation is thought to start with ATG at 6352. Within the intron region, the 3' termini of leftward transcribed mRNAs (denoted by h in Figure 1 The predicted amino acid sequences of the HSV-1 genes described above were compared with predicted amino acid sequences encoded in the EBV genome (27) by first using database (a) The arrangement of reading frames from the sequence of Figure 2 is shown, and is compared with reading frames from the EBV sequence, residues 118501 to 126500 (27) . (30, 36) . searching methods (33) , then "matrix" comparisons (34) , and finally an optimal alignment program (35) . These analyses showed that HSV-1 genes encoding 51K, 10K, exonuclease and 57K are homologous to EBV reading frames BBRF3, BBLF1, BGLF5 and BGLF4, respectively. The homologies are low (less, for instance, than that seen with HSV-1 and EBV DNA polymerases (9)) but are generally convincing. Figure 3 shows alignments of parts of the four pairs of sequences exhibiting the most conservation. In addition, the exons of the intron-containing HSV-1 gene (j in Figure 1 ) have previously been shown to be homologous to EBV's BGRF1 and BDRF1 (23) . HSV-1 23K is presumed to correspond to EBV BGLF3, from their positions relative to the other reading frames, but no quantifiable amino acid sequence homology was detected.
Thus, despite extensive divergent evolution, the region of 3445 the HSV-1 genome described in this paper, and the EBV genome region, residues 119000 to 126000, are recognizably preserved in gene layout and in encoded proteins, as shown in Figure 4 (a). When these data are combined with homology relations for HSV and EBV ribonucleotide reductase proteins (36) , and with our previous comparison of the DNA polymerase regions (9), the beginnings can be seen, in Figure 4( (37, 38) , it is clear that the promoters for RNAs of the 3' coterminal family, and also the promoter for RNA 1, must lie within protein coding sequences.
In the absence of direct information on amino acid sequences, the identification of coding regions is, of course, subject to errors of misinterpretation, and is also critically dependent on the absence of frameshifting errors in the DNA sequence. However, we regard our reading frame assignments as conservative, and note that they are generally supported by codon usage analysis and by comparison with evolutionarily related sequences from EBV and VZV.
Of the seven predicted sequences, only that for the exonuclease possesses any significant characterization. The predicted occurrence of an N-terminally truncated exonuclease fragment is intriguing, and the fact that EBV encodes a homologue of about the same extent as this shortened protein supports the notion that it could be functional. The 51K protein is the only one of the unknowns whose sequence gives any direct clue to its nature, in this case as a membrane-embedded species. Finally, from the mapping results of Lemaster and Roizman (31) , one of our predicted species could be the virion protein VP18.8, but this remains unresolved.
3446
The end result of our analyses is a clear view of gene organization in this portion of HSV-1 DNA; this has been greatly facilitated by the extensive mRNA mapping data of Costa et al. (20, 23) . Some qualifications remain, and these will only be resolved by extensive, further studies. We see the most immediate of these as being, first, an evaluation of the N-terminally truncated protein thought to be translated from RNA c, and second, direct analysis of our proposed RNA b.
Our comparisons with EBV showed that the part of the HSV-1 genome examined shows general colinearity of organization with a region of the EBV genome. Such colinearity also extends rightward, at least in that the two genomes possess correspondingly placed and homologous second exon sequences for the rightward, spliced RNA j (23) . However, Figure 4 (b) shows that larger scale rearrangements have certainly occurred during the divergent evolution of these viruses.
This sequence will be deposited with the EMBL Sequence Library.
